for aestivation. They pupate in October and reach the adult stage in November. The adults stay in the soil for another two months and appear for just a short time in the evening during the coldest time of the year (Tanaka et al., 2008; Fukaya et al., 2009) .
Although the control of D. ishigakiensis is a prerequisite for improving sugarcane production, the application of synthetic organic pesticides is not desirable, particularly in this case because insecticides are rather ineffective against soil insects and repeated application of such chemicals constitutes a risk of underground water pollution, which is a major concern on these islands. As mentioned above, adults of this species appear above the ground for only a short time and are rarely attracted to light sources, so the sex pheromone was considered to be the most promising monitoring and controlling agent.
The sex pheromone component of D. ishigakiensis was identified as (R)-2-butanol ; however, (S)-enantiomer and 2-propanol released by females also evoked an EAG response in the male antennae. The release amount of each compound is unknown because it was too little to measure by GC on either chiral or achiral columns. In the field, small cotton ball lures impregnated with (R)-2-butanol in water solution showed significant attractiveness but those with (S)-enantiomer or the racemic mixture did not. Interestingly, males were observed to orient toward the cotton-ball lures with the racemic mixture as well as those with (R)-2-butanol in the flight tunnel assay in the laboratory. The different results obtained between field and laboratory experiments might have been related to the nature of these compounds, which are highly volatile and might evaporate as soon as they are impregnated into a cotton ball, particularly in the field.
Synthetic sex pheromone is often used to monitor the seasonal occurrence of adult insects and such information is important to decide the time to apply control agents. Preliminary observations indicate that the flight season of D. ishigakiensis may extend over one month, although its timing appears to differ among islands, from late January to late February on Miyako and Irabu Islands (Oyafuso et al., 2002) , from early January to mid-February in lowland fields on Ishigaki Is., but from mid-March to mid-April in forests in hilly locations on the same island (Nakata and Nakata, 2006; Hirai et al., 2008) . To monitor the flight activity of this beetle in the field, use of the sex pheromone seems to be a good strategy; however, the highly volatile nature of the compound creates a practical problem because the pheromone may evaporate so quickly that it cannot be used to monitor field populations continuously over a long period of time. A formulation should be developed so that the sex pheromone can be released gradually for one month or longer to cover the entire flight period of the beetle.
A rubber septum is usually used for controlled release of synthetic sex pheromone of many lepidopterous insects; however, this is not a suitable formulation for a highly volatile compound. On the other hand, polyethylene tube formulation has been widely used to release synthetic sex pheromone at a constant rate over a long period to disrupt female-male communication in many lepidopterous pest species in the field (e.g., Sarfraz et al., 2006; de Lame et al., 2007; Wins-Purdy et al., 2007) . This type of formulation has a reservoir of pheromone liquid inside, which can support a pheromone lure life-span of two months or longer if the material, thickness and length of the tube are chosen properly depending on the chemical nature and molecular weight of the synthetic sex pheromone used. In this study, we examined the feasibility of polyethylene formulation as a longlasting lure of the highly volatile pheromone of D. ishigakiensis.
MATERIALS AND METHODS
Insect. Virgin females of D. ishigakiensis were collected by hand in sugarcane fields at Gusukube, on Miyako Is., Okinawa, Japan in the evening of 19 February 2008. Since females are quickly located by males for mating soon after emerging from the soil, single females found without being attended by a male in the evening were considered to be virgin. They were individually confined in net cages (6 cm diam.ϫ6 cm ht.) and baited in traps for experiments the following evening.
Chemicals. (R)-2-Butanol and 2-propanol were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), and (S)-2-butanol and 2-butanol (racemic mixture) from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). (R)-2-Butanol and (S)-2-butanol showed single peaks by gas chromatography (GC) analysis on a chiral column (for details see Wakamura et al., 2009 ). 2-Propanol and 2-butanol (racemic mixture) showed single peaks on GC analyses on an achiral column.
Polyethylene tube lure. Compounds and their mixture were sealed in three tubes. Type A was made of high density polyethylene (HDPE), and its inner and outer diameters were 0.84 and 1.54 mm, respectively. Types B and C were made of HDPE added to ethylene vinyl acetate copolymer. The inner and outer diameters of types B and C were 1.30 mm and 2.34 mm, and 1.22 mm and 2.32 mm, respectively. Tubes of type A contained approximately 5 mg/cm of compounds, but types B and C held approximately 12 mg/cm. Tubes of types A, B and C were tentatively estimated to release 2-butanol at approximately 7 ng/cm/min (0.01 mg/ cm/d), 70 ng/cm/min (0.1 mg/cm/d), and 140 ng/ cm/min (0.2 mg/cm/d), respectively, by the ShinEtsu laboratory, but the exact evaporating rates have not been measured for either 2-butanol or 2-propanol. In this paper, the tube type and length will be abbreviated, e.g., B10, for a type B tube 10 cm long.
Traps. A funnel trap with crossed vanes (15 cm dia.ϫ39 cm ht; Trécé Inc., Salinas, Calif., USA) was anchored with wire to a stick (ca. 1 cm dia.ϫ60 cm) in the ground. Tube lures or net cages, each containing a single virgin female, were attached to the traps with plastic coated wire. Each trap also had a brown cotton ball (1.5 cm in diam.) near the lure to provide a possible visual target, unless otherwise stated.
Field tests. On 14-16 March 2007, a preliminary experiment was carried out to test the effect of different lure types (A1, B1, B10 and C10) on the attractiveness of (R)-2-butanol in a forest population in a hilly area (Takeda Rindo, ca. 160 m above sea level) on Ishigaki Is. Temperature, wind velocity and weather at 19:00 h during the test period were 22.1-24.8°C, 3.4-5.9 m/s and fine or cloudy, respectively.
The main field attraction tests were conducted in sugarcane fields on Miyako Is. during a period from 29 January to 21 February 2008. Because of the short and somewhat unpredictable flight time of D. ishigakiensis (Oyafuso et al., 2002) , six series of experiments were carried out simultaneously (Table 1) : Series 1 was designed to confirm the major pheromone compound, Series 2 to determine the optimum release rate of (R)-2-butanol for catching male beetles, Series 3 to determine the optimum release rate of a racemic mixture of 2-butanol, Series 4 to test the effect of blending 2-propanol on the attractiveness of (R)-2-butanol, Series 5 to test the effect of the blend of 2-propanol on the attractiveness of the racemic mixture, and Series 6 to test the effect of the enantiomeric purity of (R)-2-butanol on attractiveness. There were 28 kinds of lures after eliminating duplications in the six series (Table 1 ). Six sets of 28 traps baited with different lures were placed in each of six different sugarcane fields. In each field, 28 traps were arbitrarily placed at ca. 7 m intervals in 4-5 rows of ca. 10 m intervals. All traps were checked in the morning, and the trapped beetles were counted and removed. Mean temperature and wind velocity during the experiments were: 18.0°C and 5.1 m/s in late January, 16.9°C and 6.5 m/s in early February, 16.4°C and 5.8 m/s in mid-February, and 18.0°C and 4.5 m/s in late February.
To know the length of the entire flight period of D. ishigakiensis, four traps were baited with a B1-lure filled with (R)-2-butanol and placed in two sugarcane fields on 18 January 2008. This lure was the best lure formulation in a preliminary experiment on Ishigaki Is. in 2007. The lures were renewed on 21 February and 14 March.
To examine whether a visual target is essential for males to orient towards the pheromone source, male catches were compared between B1 lure traps with and without a brown cotton ball on 19 and 21 February 2008. In another experiment, trap catches were compared between traps with a B1 tube lure and those with a caged virgin female. Six or 12 traps baited with either a tube lure or a caged virgin female were alternatively placed at 7 m intervals in two rows separated by ca. 10 m. Temperature and wind velocity at 19:00 h were 19.3°C and 4.2 m/s on 19 February, and 19.1°C and 3.6 m/s on 21 February 2008.
Statistical analyses. Trap data (X) were transformed to (Xϩ0.5) 1/2 or log(Xϩ0.5) and submitted to two-way-layout analysis of variance where zero data (meanϭ0) were omitted. The means were ranked by Tukey's method when ANOVA was significant at the 5% level. Means accompanied by the same letter were not significantly different, and the same letter was given to zero data when the confidential range of the mean contained zero [(0ϩ0.5) 1/2 or log(0ϩ0.5)]. Figure 1 and show backtransformed means and SEs.
Exact release rates of (R)-2-butanol and 2-propanol from tube lures. To determine the optimum release rate of (R)-2-butanol for capturing males, three tubes of B0.5, B1, B2, B5 or B10, each containing 2-butanol or 2-propanol, were placed in incubators at 16°C, 20°C, 24°C and 28°C (Ϯ0.5°C). Each tube contained 12 mg/cm of either compound. To prevent the air in the incubator (61 cmϫ55 cmϫ37 cm) from being saturated with the volatile chemical, the incubator was ventilated at an air flow rate of ca. 2 l/min. These tubes were individually weighed every three days for 15 days. Data were submitted to simple regression analysis to obtain the mean decrease rate and standard errors.
RESULTS

Preliminary tests for a forest population on Ishigaki Is., 2007
D. ishigakiensis males were most frequently captured with the B1 lure (type B lure of 1 cm long), although the mean [1.5Ϯ0.4 a (meanϮSE and backtransformed from square root transformation, assessed by Tukey's test)] was not significantly different from the values for traps with A1 (0.7Ϯ0.5 ab) and B10 (0.6Ϯ0.2 ab). Significantly fewer males (0.3Ϯ0.2 b) were captured with C10 lures, which had the highest release rate among lures.
Field attraction tests on Miyako Is., 2008
After discarding trap data with total catches smaller than 200 for a single replication (28 traps), the data for the remaining 15 replications were subjected to statistical analysis. Trap data are presented in Table 1 . When single compounds or blends were baited in traps, males were only captured with lures releasing (R)-2-butanol or a blend of (R)-2-butanol and 2-propanol, but none with other lures (Ser. 1). Male catches with (R)-2-butanol were generally similar without being influenced by the length of the tube, i.e., B0.5 to B10, but significantly larger than the mean value for A1 lure (Ser. 2). Very few males (0.1-0.4 males/ trap/day) were captured with 2-butanol (racemic mixture) at any release levels (Ser. 3), whereas fairly many males were captured with (R)-2-butanol using B1 lures (Ser. 1). Mean catches with (R)-2-butanol were not affected by blending with 2-propanol in the range of 10 to 200% (Ser. 4). Blending with 2-propanol did not improve trap catches with a racemic mixture of 2-butanol (Ser. 5). When (R)-2-butanol was mixed with (S)-2-butanol, male catches were generally similar until the latter content was reduced to 10% [blending 9.6 mg (R)-2-butanol with 2.4 mg of 2-butanol (racemic mixture)] or less, but few or no males were captured with the racemic mixture or (S)-2-butanol rich blends (Ser. 6).
Effects of visual target on trap catches and comparison of (R)-2-butanol lure with virgin female traps in male catch
Male catches with (R)-2-butanol were not influenced by the presence or absence of a brown cotton ball (Fig. 1A) . (R)-2-Butanol lures without a brown ball were found to be as attractive as single virgin females (Fig. 1B) .
Flight period of D. ishigakiensis monitored by pheromone traps
Monitoring traps baited with a B1 lure of (R)-2-butanol on 18 January 2008 revealed a major flight peak occurring in mid-February (Fig. 2) . This indicated that the flight of male D. ishigakiensis lasted for approximately two months. 
Release rates from the tube lure and estimation of effective period
The release rate of 2-butanol increased in proportion to the length of the lure at each constant temperature between 16°C and 28°C (single regression analysis: r 2 ϭ0.9980-0.9999, pϽ0.001).
The rate exponentially increased with temperature: simple regression of the logarithm of the release rate on temperature was highly significant (r 2 ϭ0.9834-0.9998, pϽ0.001-0.01; Fig. 3 ). The release rate of 2-propanol also increased directly with increasing length of the lure (r 2 ϭ0.9917-0.9998, pϽ0.001) and exponentially with temperature (simple regression of the logarithm of the release rate on temperature: r 2 ϭ0.9827-0.9985, pϽ0.001-0.01).
The B1 tube filled with (R)-2-butanol, one of the most attractive lures (Table 1) , was estimated to release the compound at ca. 50 ng/min (ϭ72 mg/d) at 20°C. Since this lure contained 12 mg of (R)-2-butanol, it was calculated to keep releasing the compound for ca. 167 d (ϭca. 5.6 months) at this temperature provided that the release rate remained constant.
DISCUSSION
In our previous report, (R)-2-butanol was demonstrated to be the essential component of the female sex pheromone in D. ishigakiensis, whereas minor components, (S)-2-butanol and 2-propanol, were also released by females and evoked an EAG response in the male antenna . In the present study, D. ishigakiensis males were captured with lures containing (R)-2-butanol, but not with those containing (S)-2-butanol, 2-butanol (racemic mixture) or 2-propanol (Table 1) . Trap catches with B1 lures of (R)-2-butanol were comparable to those with a single virgin female (Fig. 1B) . This confirmed again that (R)-2-butanol is the major component of the sex attractant pheromone of D. ishigakiensis. Although males were attracted by a racemic mixture in a previous laboratory assay , it was confirmed that the racemic mixture does not attract males when released from tube lures in the field (Table 1 , Series 1, 3 and 5).
It is difficult to control the release rate of highly volatile chemicals using methods such as a rubber septum because they evaporate within a short time. To formulate a highly volatile compound such as (R)-2-butanol as a long-lasting lure, it is essential for the lure to have a liquid reservoir, which was confirmed in this study. Traps baited with a polyethylene tube containing (R)-2-butanol captured as many D. ishigakiensis males as those baited with a 584 S. WAKAMURA et al. sexually mature virgin female (Fig. 1B) . The measurements of weight loss by the lure in the laboratory led to the estimation that attractiveness would last for 5.6 months at 20°C (Fig. 3) . Because the monthly mean temperature was 17.1°C in February 2008 on Miyako Is., the above calculation might be an underestimate for outdoor conditions; therefore, the effective period of the B1 lure containing 12 mg of (R)-2-butanol might cover the entire flight season of D. ishigakiensis males (Fig. 2) .
The attractiveness of (R)-2-butanol was not affected by blending with the enantiomer (S)-2-butanol when the latter was 5 or 10%, but it was significantly reduced when the (S)-2-butanol content reached over 50% (racemic mixture) (Table 1, Ser. 6). Although (S)-2-butanol was indicated to be present in the volatiles released by D. ishigakiensis females by gas chromatography and electroantennographic detection (GC-EAD) analyses using a chiral GC-column, the R : S ratio could not be determined because the amount was too small ). For various insect pheromones, enantiomeric purity has been found to be more or less critical for inducing a behavioral response in insects (Mori, 1998) . In D. ishigakiensis, an opposite enantiomer may not exert an inhibitory effect at low content but it apparently does so at high content, with a critical threshold occurring between 10% and 50% (racemic mixture).
2-Propanol was confirmed to show no attractiveness even when released from B1 tubes ( Table 1) . The release rate from the tubes was generally 50-60% of 2-butanol, which may indicate that the ratio of 2-propanol in the vapor released from the tube would be considerably lower than that of the liquid sealed in the tube. Since 2-propanol has a lower boiling point (82.5°C, Merck Index) than 2-butanol (99.5°C), the former would be expected to evaporate more rapidly than 2-butanol. This should hold true when these compounds evaporate from a water solution applied to a cotton ball; however, the release rates of these chemicals from the tube lure showed an tendency opposite to the expectation (Fig. 3) . This is probably related to the chemical nature of these compounds: 2-propanol has greater polarity than 2-butanol, which would result in a slower permeation rate of the former through the tube layer made of polyethylene with low polarity. The effect of blending (R)-2-butanol with 2-propanol on attractiveness at a high ratio remains to be evaluated.
Presenting a brown cotton ball as a possible visual target did not affect trap catches with (R)-2-butanol (Fig. 1A) . D. ishigakiensis males are often observed to land on a female or very close to her before mating in the field (Arakaki et al., 2004) . The importance of visual orientation has been demonstrated in the black chafer (Fukaya et al., 2006) . These observations suggest that visual stimuli may be involved in the mating behavior of D. ishigakiensis; however, the results of the present study indicated that a visual target is not necessary to capture males with pheromone-baited traps.
The establishment of a sufficiently long-lasting and effective lure for monitoring D. ishigakiensis males was the main goal of the present study. The major difficulty in achieving this goal was the highly volatile nature of the sex pheromone of this beetle. The present study solved this problem by adopting a polyethylene tube formulation. By choosing an appropriate material, thickness and length of polyethylene tubes, 12 mg of (R)-2-butanol in the B1 tube of 1 cm long is expected to keep attracting conspecific males in February on Miyako Is. This lure releases this compound at ca. 50 ng/min at 20°C in the laboratory, estimating that this formulation will release the compound for 5.7 months. Thus, the effective duration of a single tube lure would be sufficient to cover the entire flight season of this beetle (Fig. 2) . A long-lasting formulation of (R)-2-butanol would be useful for monitoring field populations, measuring the flight activity of male beetles, and evaluating communication disruption between sexes. Information obtained from such studies would contribute to successful control of this serious pest in the near future.
